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ABSTRACT
Almost one-half of the annual precipitation in the southwestern United States occurs during the North
American monsoon (NAM). Given favorable synoptic-scale conditions, organized monsoon thunderstorms
may affect relatively large geographic areas. Through an objective analysis of atmospheric reanalysis and
observational data, the dominant synoptic patterns associated with NAM extreme events are determined for
the period from 1993 to 2010. Thermodynamically favorable extreme-weather-event days are selected on the
basis of atmospheric instability and precipitable water vapor from Tucson, Arizona, rawinsonde data. The
atmospheric circulation patterns at 500 hPa associated with the extreme events are objectively characterized
using principal component analysis. The first two dominant modes of 500-hPa geopotential-height anomalies
of the severe-weather-event days correspond to type-I and type-II severe-weather-event patterns previously
subjectively identified byMaddox et al. These patterns reflect a positioning of the monsoon ridge to the north
and east or north and west, respectively, from its position in the ‘‘Four Corners’’ region during the period of
the climatological maximum of monsoon precipitation frommid-July to mid-August. An hourly radar–gauge
precipitation product shows evidence of organized, westward-propagating convection in Arizona during the
type-I and type-II severe weather events. This new methodological approach for objectively identifying se-
vere weather events may be easily adapted to inform operational forecasting or analysis of gridded
climate data.
1. Introduction
Severe weather in the semiarid–arid climate of the
southwestern United States is principally the result of
organized convective events that take place during the
late summer months and particularly at lower elevations
(e.g., Schmidli 1986; McCollum et al. 1995; Smith and
Gall 1989; Wall et al. 2012). These more severe con-
vective events, as well as warm-season rainfall in general
in northwestern Mexico and much of the southwestern
United States, occur during the North American
monsoon (NAM; Adams and Comrie 1997). The NAM
provides on the order of 30%–50% of annual
precipitation in the southwestern United States and an
even greater portion in northwestern Mexico (Douglas
et al. 1993). Although organized convective events
supply much-needed precipitation, they are also asso-
ciated with severe weather hazards, including hail,
lightning, dust storms (haboobs), microbursts, and flash
flooding (e.g., McCollum et al. 1995; Ray et al. 2007).
How severe weather events may change in the future is a
subject of rapidly growing interest and research that is
beginning to be addressed in the context of high-
resolution regional atmospheric modeling with explic-
itly resolved convection (e.g., Trapp et al. 2011). To
properly represent organized mesoscale convective
systems in the NAM region, it is necessary to utilize a
convective-permitting model with a spatial scale on the
order of 1 km (e.g., Li et al. 2008; Newman and Johnson
2012). As a consequence, objective methods for identi-
fying atmospheric conditions suitable for the generation
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of severe weather become necessary to efficiently sim-
ulate them in long-term simulations with regional
climate models.
Deep convective activity and its suppression during
the NAM in the Southwest occur in association with
‘‘burst’’ and ‘‘break’’ periods (Carleton 1986; Adams
and Souza 2009). Monsoon bursts typically last for sev-
eral days, whereas the breaks range in length from sev-
eral days to several weeks (Maddox et al. 1995). Burst
and break conditions result from shifts in the position of
the monsoon ridge, typically considered at 500 hPa and
climatologically centered over the Four Corners region
in the Southwest during the period from late July to
early August (Carleton 1986; Maddox et al. 1995). A
northward shift in the monsoon ridge can facilitate more
convectively active burst periods through a combination
of 1) increased moisture advection, 2) decreased atmo-
spheric stability under weakened subsidence, and 3) the
passage of transient disturbances that provide favorable
vertical wind shear profiles, with wind speed generally
increasing from an easterly direction from the surface to
upper levels, and/or synoptic-scale upward vertical mo-
tion to facilitate convective organization (Maddox et al.
1995; Douglas and Englehart 2007; Bieda et al. 2009;
Finch and Johnson 2010; Newman and Johnson 2012).
Objective techniques for identifying large-scale syn-
optic flow patterns have not yet been developed for the
NAM region using available long-term gridded datasets—
for example, atmospheric reanalysis products. Maddox
et al. (1995) do present an effective and subjective
classification of synoptic severe weather patterns
for the NAM in the Southwest through compositing of
daily weather maps. They specifically identify three
midlevel (500 hPa) synoptic patterns in their Fig. 3,
shown as Fig. 1 here. The first two patterns reflect a
northeasterly or northwesterly displacement of the
monsoon ridge from its climatological position. As dis-
cussed in Bieda et al. (2009), these types of monsoon-
ridge displacements are also typically associated with
the passage of synoptic disturbances, namely, a
westward-moving, transient inverted trough along the
southern flank of the ridge, oftentimes resulting in the
formation of a propagating mesoscale convective sys-
tem. The third pattern reflects a transitional pattern to
stronger westerly flow aloft with the passage of an
upper-level trough and surface cold front. This type of
pattern occurs more frequently toward the seasonal
withdrawal of the monsoon and can even be associated
with the occurrence of weak supercell-type convection
in Arizona (Blanchard 2011). In all three of the Maddox
et al. severe weather types, increases in low-level mois-
ture over southern Arizona occur, leading to greater
thermodynamic instability. A very important caveat to
note with respect to the Maddox et al. monsoon-related
severeweather types is that they do not account for extreme
weather events that are due to the direct passage of remnant
tropical cyclones. These types of events would tend to occur
more in late summer and early autumn in the southwestern
United States (e.g., Wood and Ritchie 2013) and are asso-
ciatedwith some of themost extreme precipitation events in
the region. To be clear, the methodological approaches to
FIG. 1. Characteristic 500-hPa streamlines for severe-weather-pattern
types I, II, and III. Original source: Maddox et al. (1995).
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identify severe weather events described in this study best
characterize organized convection, namely, westward-
propagating mesoscale convective systems, that would
occur in the most moist and unstable atmospheric environ-
ments in southern Arizona.
We take advantage of existing long-term datasets, both
observational and gridded data products, to objectively
characterizemodes of severe weather for theNAM in the
Southwest. In an approach that differs from that of
Maddox et al. (1995), who use reported severe weather
events to derive their composites, we invert their method.
Given their emphasis on low-level moisture and resulting
atmospheric instability, we consider first thermodynamic
criteria—to be specific, convective available potential
energy (CAPE) and integrated precipitable water vapor
(PWV)—that are derived from daily radiosonde obser-
vations as the necessary precondition for identification of
severe-weather-event days. From these ‘‘thermodynam-
ically favorable’’ days, we apply empirical orthogonal
function analysis to gridded daily 500-hPa heights from
an atmospheric reanalysis to extract the dominant modes
of variability. Our hypothesis is that Maddox et al. (1995)
synoptic classifications should be objectively retrieved in
both paradigms and that there should be clear evidence of
organized convective systems on the identified severe-
weather-event days. The work that is presented here
represents our first step toward developing an objective
methodological approach to severe-weather-event iden-
tification that begins with the use of historical radiosonde
data. In subsequent work, we will then adapt it to gridded
data from long-term regional atmospheric reanalysis and
long-term simulations with regional climate models.
This paper is organized as follows. Section 2 describes the
datasets used in the analysis, including upper-air and pre-
cipitation data. Themethodological approach to objectively
select the severe event days on the basis of thermodynamic
parameters and to identify dominant atmospheric circula-
tion patterns using matrix methods is outlined in section 3.
Results in section 4 show the thermodynamic characteristics
of severe-weather-event days, the derived severe-weather-
eventmodes, and the relationship between thesemodes and
monsoon precipitation. Section 5 presents conclusions, dis-
cussion, and future research directions and, in particular,
how the methodological approach may be applied in the
near future to analysis of simulation data from regional
climate models.
2. Data sources
a. Tucson sounding and atmospheric reanalysis data
To characterize the thermodynamic environment in
Arizona during the period of theNAM in the Southwest,
we utilize the 1200 UTC radiosonde data from Tucson,
Arizona (TUS; 32.18N, 110.98W; http://esrl.noaa.gov/
raobs/) that are available from the NOAA/ESRL ra-
diosonde database, consistent with the analysis of
Maddox et al. (1995) and Adams and Souza (2009). The
motivations for using only the 1200 UTC sounding are
discussed later in the next section. The time period
considered for the analysis is from 1993 to 2010. To
define large-scale atmospheric circulation characteris-
tics, we use the North American Regional Reanalysis
(NARR; Mesinger et al. 2006).
b. Stage IV precipitation product
To verify the development and propagation of severe
convective events, the combined stage IV radar–gauge
precipitation product, as described by Zhang et al.
(2011), is used for the period 2002–10. This dataset is a
multisensor approach that integrates radar data with
surface observations and has been employed in previous
studies of NAM convection—for example, in previous
work by the authors (Minjarez-Sosa et al. 2012). Stage
IV is an improvement from stage III data, with manual
quality control (QC) from 12 River Forecast Centers
across the United States. Stage IV data have a 4-km
resolution on polar stereographic grids on an hourly
basis. Accumulated precipitation is recorded with QC
for 6- and 24-hourly quantities. The data availability of
the stage IV products is the limiting factor in the study
period for considering the associated precipitation with
the severe-weather-event modes.
3. Analysis methods
a. Convective available potential energy
CAPE is the first-order factor in forecasting NAM
thunderstorms and has a clear relationship with pre-
cipitation occurrence (Adams and Souza 2009). CAPE
is the positive buoyant energy of a given parcel of
air, integrated vertically through the atmosphere
(Moncrieff and Miller 1976). Methodological consid-
erations in the calculation of CAPE include level of
parcel initiation, thermodynamic path (reversible or
pseudoadiabatic), virtual temperature effects, in-
clusion of latent heat of fusion, and water loading
(Doswell and Rasmussen 1994; Emanuel 1994; Adams
and Souza 2009). Much of the prior work in this area
has focused on the characterization of convection in the
central United States, but the traditional methodolog-
ical approaches for CAPE computation that are ap-
propriate for that regionmay not be appropriate for the
NAM. In the central United States, convective in-
hibition (CIN) can allow for substantial values of
CAPE that are unrealized. For the NAM, however,
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CIN associated with elevated temperature inversions
normally plays only a limited role, because of the
substantial amount of surface heating during the day, in
comparison with the situation on the U.S. central plains
(Bright andMullen 2002). The intense insolation works
to erase any near-surface or lower-atmospheric tem-
perature inversions, and a deep adiabatic layer is
created.
The study of Adams and Souza (2009) provides a
detailed methodological approach for CAPE com-
putation during the NAM. They demonstrated that
the largest possible CAPE values for a given monsoon
day are most highly correlated with widespread pre-
cipitation events across south-central Arizona (see
their Fig. 1). There are two general considerations for
computation of CAPE that account for the unique-
ness of the NAM. The first is the timing of convection.
The 0000 UTC (1700 LST) sounding may be un-
representative of synoptic-scale characteristics be-
cause prior or simultaneous convective events can
contaminate these soundings, particularly the near-
surface temperature characteristics. By this reason-
ing, the morning soundings at 1200 UTC (0500 LST)
are most likely to be uncontaminated by any con-
vective precipitation, although these authors also
eliminated contaminated morning soundings. The
morning sounding is then modified for appropriate
afternoon maximum temperature and boundary layer
moisture, for a well-mixed layer, to calculate a more
representative CAPE. To compute CAPE, the aver-
age of the mixing ratio in the lowest 50-hPa layer of
the sounding and the warmest daily surface temper-
ature are utilized. Likewise, parcel ascent is assumed
to be pseudoadiabatic. This calculation yields the
most unstable CAPE (MUCAPE).
b. Precipitable water
As noted above, severe weather has been directly
linked to increases in low-level moisture from the sur-
face to 700 hPa during the NAM (Maddox et al. 1995;
Wall et al. 2012). The absence of this low-level moisture
can stifle convection and inhibit precipitation (Adams
and Souza 2009). Low-level moisture is accounted
indirectly in the calculation of CAPE, but CAPE fails
to depict accurately the overall influence of moisture
in convective events (e.g., precipitation efficiency or
downdraft strength). To account for atmospheric mois-
ture content, we consider PWV as an additional ther-
modynamic parameter to CAPE. In monsoonal regions
and in tropical continental regions in general, PWV
provides a consistent positive correlation with pre-
cipitation (Bretherton et al. 2004; Neelin et al. 2009;
Janiga and Thorncroft 2014) along with the onset and
demise of the monsoon (Lu et al. 2009). PWV and its
temporal evolution have also been shown to have a
strong positive relationship with precipitation in south-
ern Arizona and Mexico, using both observations
(Kursinski et al. 2008a; Serra et al. 2016) and sensitivity
experiments within a regional atmospheric model: the
Weather Research and Forecasting (WRF) Model
(Kursinski et al. 2008b). PWV has been employed in the
forecasting of monsoon thunderstorms by both research
scientists and operational meteorologists at the National
Weather Service (Lu et al. 2009). The exact thresholds
relating to severe weather development have not been
specifically defined in the literature, permitting some
necessary geographic subjectivity among operational
forecasters. The value of PWV associated with orga-
nized convection generally is above 25mm (i.e., ap-
proximately 1 in.) in Tucson, per the operational
practice of the National Weather Service Office there.
c. Objectively classifying 500-hPa height patterns for
severe-weather-event days
The days during the NAM with relatively high
CAPE and PWV values, as determined from an
analysis that uses joint frequency distribution de-
scribed in section 4a, are regarded as favorable for the
most severe thunderstorms. We call these, henceforth,
the monsoon-related severe-weather-event days that
are favorable for thunderstorm generation from a
purely atmospheric thermodynamic standpoint. These
monsoon-related severe-weather-event days are then
analyzed with respect to their synoptic-scale atmo-
spheric circulation patterns, utilizing daily 500-hPa
geopotential height from NARR data as the proxy for
monsoon-ridge positioning and strength. NWS oper-
ational forecasters in the Southwest normally evaluate
CAPE and the magnitude of vertical wind shear when
classifying the potential for convection. Although
shear is not explicitly assessed in this analysis, a fa-
vorable vertical wind shear profile, typically associ-
ated with a transient inverted trough, does facilitate
convective organization and severe weather during
the NAM (e.g., Bieda et al. 2009; Newman and
Johnson 2012).
The 500-hPa geopotential-height fields of the identi-
fied severe-weather event-days are objectively analyzed
using empirical orthogonal function (EOF) analysis.
EOF analysis, also known as principal component
analysis, is a matrix-methods approach to find the spatial
patterns that explain the most variance with respect to
space and time. Considering a space–time field, EOF
analysis produces 1) maps of the dominant spatial pat-
terns (EOFs), 2) time series of these modes (principal
components), and 3) the percent of explained variance
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of the modes (eigenvalues). Use of EOF analysis in
atmospheric-science-related applications has been very
well established in the literature (e.g., Kutzbach 1967;
Prohaska 1976; Bretherton et al. 1992; Wallace et al.
1992). The EOF analysis here is performed using sin-
gular value decomposition (SVD). To prepare the data
prior to SVD, considering only the identified monsoon-
related severe-weather-event days, the mean values of
500-hPa geopotential height at each grid point are re-
moved and the grid points are weighted on the basis of
the square root of the cosine of latitude. This analysis
produces maps of 500-hPa height anomaly patterns. The
synoptic patterns associated with the mean 500-hPa
height of the monsoon-related severe-weather-event
days and dominant modes of the severe-weather-event
days may then be compared with the prior subjectively
determined results of Maddox et al. (1995).
For the EOF analysis procedure just described, the
analysis domain encompasses the entire NARR do-
main. The entire NARR domain is used so as to be as
consistent as possible with what has been shown in
previous work by the authors in Castro et al. (2007b) in
their analysis of interannual variability of 500-hPa
height anomalies during the North American warm
season. In their Figs. 5 and 6, they basically show that
the height anomaly patterns that govern the variation
in monsoon-ridge positioning in western North
America are part of quasi-stationary Rossby wave
teleconnection patterns that are hemispheric in nature.
The existence of quasi-stationary Rossby wave
train atmospheric teleconnections that affect North
Americanwarm-season climatehas alsobeenmore recently
confirmed by analysis of dominant modes of U.S.
warm-season precipitation (Ciancarelli et al. 2014) and
EOF analysis of 500- and 200-hPa geopotential-height
anomalies over the entire Northern Hemisphere (e.g.,
Ding et al. 2011). These two latter works demonstrate
that the variation in monsoon-ridge positioning is most
closely related to a wave train that emanates from the
western tropical Pacific and Indian Oceans monsoon
region, referred to as the western Pacific–North
America pattern. A standard (unrotated) EOF analy-
sis on 500-hPa geopotential-height anomalies within a
relatively large (from continental to hemispheric) do-
main is therefore a robust way to capture these types of
atmospheric teleconnections and is consistent with the
aforementioned prior literature. The EOF analysis
technique has also been widely used in atmospheric
data analysis since the seminal work of Wallace and
Gutzler (1981), one of the first investigations that de-
scribed the nature of Northern Hemisphere winter-
season atmospheric teleconnections. Rotation of
EOFs is less desirable to perform in our analysis
because it would tend to create more localized centers
of action in the spatial loading pattern (e.g., Richman
1986) that are less appropriate for capturing the
hemispheric-scale nature of the quasi-stationary
Rossby wave trains. Some brief discussion of the del-
eterious effects of EOF rotation and reduction of
domain size on the characterization of 500-hPa height
anomaly patterns is included in section 4.
The daily-precipitation climatological analysis of
monsoon-related severe-weather-event days is calcu-
lated from the stage IV product for the period 1993–
2010. To determine precipitation patterns associated
with the dominant 500-hPa geopotential-height modes
determined with EOF analysis, we use a composite-
analysis technique. The composite values are based on
the highest values of the normalized principal compo-
nent time series of severe-weather-event days for the
givenmode. To be specific, we use the top 15% of events
in the principal component time series. This approach
yields two datasets consisting of approximately 60 se-
vere weather events each, corresponding to type-I and
type-II patterns. There are thus 3–4 events per year for
each type, on average. The precipitation associated
with a dominant mode of 500-hPa height anomalies is
displayed on the basis of the composite precipitation of
the highest 15% of days of a given mode minus the av-
erage daily-precipitation climatological value of all
monsoon-related severe weather events. We found that
displaying the precipitation patterns in this way em-
phasizes the expected presence of organized convective
precipitation more downwind of elevated regions for
days on which the 500-hPa ridge configuration should be
most conducive for severe weather, as will be shown
later.We finally consider the propagation characteristics
of organized convection (speed and direction) with the
stage IV product during sample severe weather events
that are associated strongly with the derived 500-hPa
height modes, utilizing Hovmöller diagrams.
4. Results
a. Severe-weather-event days based on Tucson
MUCAPE and PWV
Thermodynamically favorable monsoon-related
severe-weather-event days are identified using
MUCAPE and PWV for the Tucson sounding during
the period of June–September for the years 1993–2010.
The histograms of these distributions are shown re-
spectively in Figs. 2 and 3. We do not employ theoretical
distribution fits to these data, as this is not really es-
sential to our objective of determining the severe-
weather-event threshold points. Nonetheless, there are
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some important distributional characteristics of these
raw histograms that should be at least qualitatively
described. The MUCAPE histogram is clearly posi-
tively exponentially distributed as a result of a high
frequency of MUCAPE values at or near zero. Such
days with virtually no appreciable atmospheric in-
stability occur either prior to the onset of the monsoon
(mostly during June) or during monsoon breaks.
These are very hot, dry periods when the monsoon
ridge is typically located directly over southern Ari-
zona. According to the National Weather Service, a
500-hPa geopotential height above 5950m over Ari-
zona is indicative of a strong monsoon ridge (http://
www.wrh.noaa.gov/twc/monsoon/monsoon_progression.
php). For days with some appreciable MUCAPE, ex-
ceeding 500 Jkg21, there is a fairly uniform frequency of
occurrence within the MUCAPE bins up to approxi-
mately the 70th percentile, to ;3000 Jkg21. Maximum
MUCAPE in Tucson is in the range of 6000 Jkg21. This
type of extreme MUCAPE event occurs on the order of
10 times during the 1993–2010 period, or roughly just one
event in a given monsoon year. It should be emphasized
that MUCAPE values from the modified morning
soundings tend to be on the high end. In a typical case,
boundary layer ventilation, which is not accounted for in
Adams and Souza (2009), would tend to decrease near-
surface moisture during the course of the day, thereby
reducing CAPE, all else being equal.
PWV, as shown in Fig. 3, tends to be more normally
distributed, albeit slightly negatively skewed. The 25-mm
nominal operational forecast threshold for a con-
vectively active monsoon day is roughly in the middle of
the distribution. Even though Tucson is a semiarid cli-
mate, on rare occasions PWV values can exceed 50mm,
values that are reminiscent of a deep tropical environ-
ment such as the Amazon rain forest (Adams et al.
2013). Documented severe-flooding events during the
monsoon in Arizona—for example, the Sabino Canyon
flood in Tucson—have values of PWV on this order
(Magirl et al. 2007; Griffiths et al. 2009).
A scatterplot of MUCAPE versus PWV for Tucson is
shown in Fig. 4. The solid black lines indicates the upper-
70th-percentile threshold for bothMUCAPE and PWV.
Days falling into the category of the upper-right quad-
rant (i.e., above the 70th percentile in both MUCAPE
and PWV) are hence defined, in an objective way, as
thermodynamically favorable severe-weather-event
days. For the 1993–2010 period, 404 days met these
criteria, with MUCAPE exceeding approximately
3000 J kg21 and PWV exceeding 45mm. As expected
(see Fig. 4), a strong relationship between CAPE and
PWV exists, their correlation coefficient being 0.86.
FIG. 3. As in Fig. 2, but for integrated precipitable water (mm).
FIG. 4. Scatterplot of CAPE (J kg21) vs precipitable water (mm)
in Tucson, considering all days during the monsoon (June–
September), derived from original raw radiosonde upper-air-
sounding data (1993–2010). The 70% threshold levels for PWVand
CAPE, respectively, to select severe-weather-event days are in-
dicated (horizontal and vertical black lines).
FIG. 2. Histogram of derivedMUCAPE (J kg21) values as based
on raw observational rawinsonde data during June–September for
Tucson (1993–2010).
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The identified severe-weather-event days were com-
pared with NWS ‘‘Storm-Based Warning’’ verification
data from the Iowa Mesonet website (http://mesonet.
agron.iastate.edu/cow/) for 2005–10 for the region of
southern Arizona, basically from the latitude of the city
of Phoenix and points farther south. These reports are
based on NWS warnings and public reports of occur-
rences of severe weather phenomena, such as damaging
winds, large hail, or flash flooding. Roughly 58% of the
convective-event days objectively identified using our
method corresponded to reported severe weather phe-
nomena between 2005 and 2010. While these reports
provide an independent source of data to verify the ef-
fectiveness of the objective approach to classify severe
monsoon weather, the reporting of severe weather is
highly dependent on population density and participa-
tion of the general public. Areas with limited or no
population in southern Arizona, mostly outside the
Tucson and Phoenix metropolitan areas, are generally
under–accounted for in severe weather reporting. De-
spite these caveats, a comparison of severe weather
reports with the objectively identified severe-weather-
event days is an absolutely necessary step in the in-
version of themethodological approach ofMaddox et al.
(1995), as mentioned in the introduction. We suspect
that at least some of the severe weather events that are
unaccounted for may be associated with recurving
eastern Pacific tropical cyclones, as previously men-
tioned in the introduction. Although not explicitly in-
vestigated here, objective-analysis techniques have been
used in other studies to characterize tropical cyclone–
related precipitation in the southwestern United States
(e.g., Wood and Ritchie 2013). Although these kinds of
events are associated with extreme, more widespread
precipitation, the atmosphere is actually relatively sta-
ble, as compared with the more typical convectively
active monsoon day with well-organized mesoscale
convective systems.
b. 500-hPa monsoon-ridge patterns of
severe-weather-event days
As previously mentioned, the analysis of 500-hPa
height patterns only accounts for the thermodynami-
cally favorable severe-weather-event days and not for all
of the days during June–September. So our a priori ex-
pectation is that the mean of the 500-hPa height field of
the severe-weather-event days would be in a favorable
configuration to facilitate monsoon precipitation, cen-
tered north of southern Arizona. The 500-hPa height
anomalies associated with the first fewEOFs can then be
added to this mean field. The corresponding principal
component (PC) time series would then show the rela-
tive strength of the individual modes for a particular day.
To keep the methodological approach as objective
as possible, we do not employ any subjective recom-
bination of the individual EOFs. If the Maddox et al.
severe weather modes are truly the dominant 500-hPa
modes in the data that can be objectively retrieved by a
matrix-methods approach, then their presence in the
dominant EOFs should be clear and unambiguous. We
note that the individual EOFs may not necessarily be
statistically significant by standard tests of eigenvalue
separation. Our goal here is simply to objectively recover
as well as possible the 500-hPa height modes that have
already been deemed physically important and are used
in operational practice.
The mean of the 500-hPa heights and anomalies for
the severe-weather-event days is shown in Fig. 5, along
with the average precipitation anomaly from the stage
IV product. The average synoptic pattern of all ther-
modynamically favorable monsoon-related severe-
weather-event days, as expected, shows a strong
monsoon ridge, centered slightly north of its favored
climatological position in the Four Corners region in
late summer. The highest local 500-hPa geopotential-
height anomalies are located just to the north of the
center of the monsoon ridge. The average precipitation
(bottom of Fig. 5) reflects an active monsoon pattern
over the Southwest, with precipitation generally maxi-
mized on the peaks of the terrain, for example, the
Mogollon Rim in Arizona, with maximum values on the
order of 7mmday21. This constitutes the baseline cli-
matological map for severe weather events.
The 500-hPa height anomalies of the first five domi-
nant EOF modes of the severe-weather-event days are
shown in Fig. 6. Taken together, the first five modes
explain about 50%of the 500-hPa height variance, albeit
again not necessarily statistically distinct by standard
tests of eigenvalue separation (e.g., North et al. 1982).
We assert that at least the first two modes are physically
important because they 1) correspond approximately to
Maddox et al. type-I and type-II severe monsoon
weather patterns and 2) are very similar to height
anomaly patterns that are related to the interannual
variation in monsoon-ridge positioning, as previously
described in Castro et al. (2007b). The Maddox et al.
type-I severe weather pattern in the first EOF (EOF1) is
related to a northward and eastward displacement of the
ridge into the central United States. This first mode of
monsoon-ridge displacement is related to decadal vari-
ability in Pacific sea surface temperatures and the oc-
currence of wet and dry periods in the central United
States, as shown in Fig. 6 of Castro et al. (2007b). The
Maddox et al. type-II severe weather pattern in EOF2 is
relatedmore to a northward and westward displacement
of the ridge into Nevada and Utah. This second mode of
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monsoon-ridge displacement is related to ENSO-like
variability in Pacific SSTs, as shown in Fig. 5 of Castro
et al. (2007b). At least on an interannual basis, both of
these dominant monsoon-ridge modes are related to
quasi-stationary Rossby wave trains that emanate from
the western tropical Pacific Ocean. Here we are showing
that these same types of wave trains also appear in as-
sociation with the dominant modes of the severe-
weather-event days.
The 500-hPa height patterns that are associated with
both of these modes are shown in Fig. 7, closely
matching the original figure fromMaddox et al. (1995) in
our Fig. 1. The type-I pattern can be constructed by
adding the mean 500-hPa height field of all severe
weather events plus the height anomaly field of EOF1.
The type-II pattern can by constructed by adding the
same mean 500-hPa height field of all severe weather
events plus the height anomaly field of EOF2. As pre-
viously stated, the most positive phase is defined as the
composite of the highest 15% of the averaged, normal-
ized PC values for the pattern loadings in Fig. 6. The
type-III transitional pattern, however, cannot be re-
constructed from combination of the dominant 500-hPa
height modes, probably owing to the vagaries in the
tracks of upper-level lows and their associated cold
fronts. One possible alternative method to objectively
FIG. 5. (top) 500-hPa geopotential-height (m) anomaly (shaded) relative to the total climatological mean
(contour) for thermodynamically favorable severe weather events during 1993–2010, as identified by Tucson
sounding data. (bottom) Average precipitation (mmday21) from the stage IV product for the same thermody-
namically favorable severe weather events but during 2002–10. Elevation terrain is indicated as contours at in-
tervals of 1000m. Regions over 2000m in elevation are shown in hatching.
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consider type-III patterns would be to track upper-level
lows during the latter part of the monsoon, similar to what
we did previously for transient inverted troughs in Bieda
et al. (2009). These same analyses were repeated using
rotation of EOFs, with a Varimax method, and a smaller
domain that is more confined to the contiguous United
States (results not shown). To briefly summarize, EOF
rotation produces dominant 500-hPa height anomaly
modes that have stronger centers of action but less cor-
respondence to the hemispheric-scale quasi-stationary
Rossby wave trains and type-I and type-II severe-weather-
event patterns.With the reduction in domain size, wewere
not able to obtain as clearly results that are comparable to
the aforementioned figures in Castro et al. (2007b).
Let us conceptually review why these type-I and
type-II patterns would tend to be associated with
monsoon-related severe weather in Arizona. First, these
orientations of the monsoon ridge would favor en-
hanced easterly flow at upper levels with a more
southeasterly component for type I and a more north-
easterly component for type II. In both cases, westerly
propagating upper-level disturbances (inverted troughs)
are favored as well as weakened subsidence over Ari-
zona (e.g., Bieda et al. 2009). Likewise, in both cases, a
concomitant increase is observed in low- to midlevel
moisture from the eastern Pacific andGulf of California,
as well as convectively mixed moisture over western
Mexico (Maddox et al. 1995). This increase in low-level
moisture, a decrease subsidence, and more favorable
wind shear profiles may act in concert to increase the
likelihood for organized convective events that may
propagate westward/southwestward off the higher ter-
rain in central and southeastern Arizona. Additional
features that may enhance possibilities for severe
weather are outflow boundaries from decaying meso-
scale convective systems in northern Mexico as well as
deeper gulf surges that have traveled the entire length of
the Gulf of California (e.g., Zehnder 2004; Newman and
Johnson 2012). These convective outflows from meso-
scale convective systems and synoptic-scale features
(i.e., inverted troughs, easterly waves, and monsoon-
ridge positioning) appear to be linked (e.g., Mejía et al.
2016). As noted by Wallace et al. (1999) and supported
by Mejía et al. (2016), however, the relationship be-
tween gulf surges and the incidence of severe weather in
Arizona is not straightforward. Mejía et al. (2016) state
that during the strongest gulf surges operational fore-
casters in Phoenix have observed that the likelihood of
thunderstorms may actually be reduced. Although a
surge brings in more humid air that may increase po-
tential instability, it may cool the boundary layer and
thus require more daytime heating and deeper lifting to
release the instability.
c. Severe-weather-event-day observed precipitation
To capture the precipitation associated with these
synoptic patterns, the total daily precipitation was av-
eraged over a 3-day time frame for each burst event for
the dates with the highest positive z scores (above 85%,
or top 15%) relating to the associated combined PC time
series. The precipitation anomaly patterns are shown in
Fig. 8. The anomaly is constructed as the average pre-
cipitation for the top 15% of the events in a given
monsoon-related severe weather mode minus the aver-
age precipitation of all the identified severe-weather-
event days. The top events for both type-I and type-II
modes exhibit even more enhanced precipitation across
all of Arizona andNewMexico, exceeding.1mmday21
above the average of all identified severe weather events.
The pattern of precipitation associated with the average
of all severe-weather-event days in Fig. 5 would indicate
that maximum precipitation values centered on the peaks
of the terrain, where monsoon precipitation is most cli-
matologically favored to occur, but the top precipitation
events within this set for the strongest expressions of the
type-I and type-II modes show maximum positive pre-
cipitation anomalies (above the severe-weather-event
average) tending also to occur to the south and west of
the Mogollon Rim in Arizona, where organized convec-
tion plays a relatively more important role in monsoon
precipitation (e.g., Hales 1977; Castro et al. 2007a).
To examine whether these modes are associated with
organized, propagating convection, we constructed
Hovmöller diagrams of the hourly stage IV derived
precipitation for each year. To provide an illustrative
example, we show the Hovmöller diagram (Fig. 9) over
the longitude of Arizona averaged across the latitude
band 31.58–378N of the stage IV product for the mon-
soon of 2006. The period of 2006–08 consists of several
consecutive years of active, wet monsoons in Arizona,
per the records maintained by the Tucson office of the
National Weather Service and the stage IV product
averaged over Arizona in Fig. 10. The solid horizontal
lines on the plot in Fig. 9 indicate days that were iden-
tified as thermodynamically favorable severe-weather-
event days. The purple horizontal lines indicate days
that fall in the top 15% of days for the type-I mode; the
light-orange horizontal lines indicate days that fall
in the top 15%of days for the type-II mode. Periods with
the type-I and type-II modes being most apparent have
propagating convection all the way to the Colorado
River valley (located at approximately 1148W). Note
that there is a gap in stage IV data from early to mid-
September of this year.
Characteristics of organized, propagating convection
are examined for two specific events, one each for the
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type-I and type-II modes. The identified event for
the type-I mode is 27–31 July 2006. Figure 11 shows
the Hovmöller diagrams for this period in Arizona
in the meridional direction, averaged over latitude band
31.58–378N, and the zonal direction, averaged over lon-
gitude 1168–1108W. For this event, organized convective
systems each day are generally propagating to the south
and west from their point of origin on theMogollon Rim
(around 1108W). A sample approximate propagation
velocity for the convective system that occurred from
0000 to 1200 UTC 29 July is calculated from the yellow
dots on the plot. The convective system on this day is
propagating at ;12ms21 (26mi h21) to the south and
west. The identified event for the type-II mode is 3–7
July 2006. Figure 12 shows the Hovmöller diagrams for
this day. Although the westward propagation speed for
the type-II event is very similar to that of the type-I
event, in this case the organized convection identified
during the period of 0000–1200 UTC 5 July is generally
propagating in a northwesterly direction from its point
of initiation, at nominally the same speed of the other
type-I event. Note that our main objective here in these
examples is solely to illustrate that, in fact, organized,
westward-propagating convection in Arizona is present
in the strongest type-I or type-II objectively identified
events in a sample active monsoon year, supporting our
original hypothesis. We are not necessarily inferring a
climatologically preferred direction for convective
propagation in type-I and type-II severe weather events
on the basis of just these two examples presented, al-
though we acknowledge further study on the stage IV
data is probably warranted.
5. Conclusions, discussion, and future research
directions
We emphasize that this study represents an initial step
in a longer-term research process to objectively identify
favorable NAM severe-weather-event days in the con-
text of real-time operational forecasting and analysis of
regional climate model data. We characterize the ther-
modynamic environment on the basis of the level of
atmospheric instability (MUCAPE) and moisture
(PWV) during June–September, as based on the ob-
served Tucson sounding data (1993–2010). Maddox
et al. (1995) similarly used the Tucson sounding data.
FIG. 6. Regression between 500-hPa height anomalies (m) and the first five EOFs associated with the selected
thermodynamically favorable severe weather events for 1993–2010. The variance explained for each EOF mode is
indicated as a percentage.
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Favorable thermodynamic conditions are the first-order
criterion that an operational weather forecaster in the
southwestern United States would use to forecast
monsoon thunderstorms. We use a threshold of the top
30% of MUCAPE and PWV days in a joint probability
distribution to define the thermodynamically favorable
severe-weather-event days. The MUCAPE and PWV
threshold values are above the nominal operational
thresholds used to flag potentially severe monsoon
weather days in Arizona. The severe-weather-event
days also correspond to nearly 60% of the observed
severe weather reports and NWS warnings in southern
Arizona during a 5-yr period.
An EOF analysis was performed on daily 500-hPa
geopotential height to objectively define the synoptic-
scale patterns that are associated with severe weather
events, with respect to the dates of the thermodynami-
cally favorable, severe-weather-event days. The first two
dominant modes are essentially theMaddox et al. (1995)
type-I and type-II monsoon-related severe weather
patterns in Arizona. They generally reflect a monsoon
ridge that is centered over the south-central United
FIG. 6. (Continued)
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States in eastern New Mexico, Texas, and Oklahoma
(type I) or over the Great Basin in Utah and Nevada
(type II). Both of these monsoon-ridge orientations
represent a general displacement of the monsoon ridge
to the northeast or northwest, respectively, from its cli-
matological position over the Four Corners area of the
southwestern United States in mid-to-late summer.
These severe weather synoptic patterns frequently re-
sult in large convective outbreaks during the so-called
burst periods of the monsoon. On the days for which
these patterns are most apparent, in the hourly stage IV
data there is clear evidence of organized, propagating
convection that traverses from east to west across Ari-
zona. The method that was developed here utilizes an
objective approach to identify and classify the severe-
weather-event days on the basis of the most thermody-
namically favorable conditions and how the 500-hPa
geopotential-height anomaly patterns project on the
Maddox et al. type-I and type-II modes. The fact that
our objectively based approach essentially recovers the
two monsoon-related severe-weather-event modes that
were originally identified by B. Maddox, who detected
them by conducting a subjective analysis of many syn-
optic weather maps over a series of years, is a true tes-
tament to his skill as a synoptic meteorologist.
In the framework of operational forecasting, we en-
vision that the ‘‘climatology’’ that we have developed
here could potentially be further developed into an
objective, statistically based algorithm to flag automat-
ically the thermodynamically favorable severe-weather-
event days in the southwestern United States and to
classify the monsoon ridge as a type-I or type-II pattern.
For short-term forecasting in Tucson, Arizona (where
the radiosonde data used in this study were derived),
such an automated algorithm would operate in the fol-
lowing sequence of steps:MUCAPE and PWVwould be
computed from the morning (1200 UTC) sounding data.
The day would be flagged as thermodynamically favor-
able for severe weather if these values fall in the top 30%
of a climatological joint distribution. If the day is flagged
as thermodynamically favorable, an index score for the
type-I and type-II severe weather modes can then be
FIG. 7. Objectively determined severe-weather-event 500-hPa geopotential-height patterns (m) that correspond
to the (top) type-I and (bottom) type-II modes of Maddox et al. (1995). The modes are constructed by considering
themean of the 500-hPa geopotential height of all severe-weather-event days plus the average of the 500-hPa height
anomalies for events that project most strongly (top 15%) on the positive phase of severe weather events of the
(top) EOF1 and (bottom) EOF2 modes.
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FIG. 8. Precipitation anomalies (mmday21) associated with the objectively defined type-I
and type-II severe-weather-event days frommode reconstruction. Anomalies were constructed
by averaging precipitation for events that project most strongly on combined EOF modes
(top 15%) minus the average precipitation for all thermodynamically favorable severe
weather events.
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computed by projecting the observed (analysis) map for
500-hPa height anomaly onto the first two EOFs from
the historical severe-weather-event climatology. Such a
simple algorithm could be very quickly executed, im-
mediately after the morning sounding data are pro-
cessed, in time to inform the discussion for the daily
weather forecast. An index score for the Maddox severe
weather pattern types would be very similar in principle
to the use of existing operational convective indices
(K index, Showalter index, etc.) to provide local
operational forecast guidance and thus would help to
standardize operational forecast procedures during
monsoon-related severe weather events. There is also
no reason why such an algorithm could not be used to
identify the potential skill for objectively forecasting
monsoon-related severe weather events beyond a 1-day
forecast, although we strongly suggest that rigorous
testing on previous forecast (hindcast) data would be
necessary prior to any operational forecast use. Al-
though all of the analyses in this work and that of
Maddox et al. (1995) have been based on the use of just
the Tucson sounding, the thermodynamically favorable
days for severe weather during the monsoon are spa-
tially coherent throughout the Southwest (Jares et al.
2014). So the same analysis procedures as were used
here could be applied to other radiosonde observing
sites in the region (e.g., Flagstaff, Arizona, or Las Vegas,
FIG. 9. Hovmöller diagram (in the west–east direction) of daily
precipitation during 2006 over the longitudinal extent of Arizona.
Precipitation is averaged over the latitude band 31.58–378N.
FIG. 10. Average monsoon precipitation (June–September av-
erage; mmday21) in Arizona for the thermodynamically favorable
severe weather events (CAPE–PWV) selected cases for 2002–10,
from the stage IV product. The number of total CAPE–PWV cases
for each year is shown at the top.
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Nevada), and we suspect that very similar results would
be obtained. Jares et al. (2014) also document the spatial
patterns of CAPE and PWV that are associated with
severe-weather-event days in the southwestern United
States in the context of a long-term simulation by a re-
gional climate model that dynamically downscales an
atmospheric reanalysis (Castro et al. 2012).
What further work can be done to establish
firmer physical links between these thermodynamically
favorable days and severe monsoon weather? We
mentioned in the introduction that these monsoon-
related severe weather 500-hPa height patterns are fre-
quently associated with the passage of inverted troughs.
Although this work does not explicitly relate inverted
troughs to the monsoon-ridge positioning or monsoon
precipitation, this has been done in other studies by the
authors (Bieda et al. 2009; Lahmers et al. 2016). The
passage of inverted troughs would facilitate convective
FIG. 11. Hovmöller diagrams of precipitation rate in Arizona from stage IV data from 1200 UTC 27 Jul to 1200 UTC 31 Jul 2006, as an
example of a type-I severe weather event. Precipitation is averaged (left) latitudinally and (right) longitudinally, with bounds as indicated.
A sample phase speed (u or y component) of propagating convection (m s21) that reaches the ColoradoRiver valley is included, calculated
from the slope of the solid black line.
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organization by favorable vertical wind shear profile
and/or synoptic-scale (i.e., quasigeostrophic) upward
vertical motion (Finch and Johnson 2010; Newman and
Johnson 2012). The modeling study by Newman and
Johnson (2012) suggests that it is more the mesoscale
effects of the vertical wind shear that facilitate convec-
tive organization for a case of development of a meso-
scale convective system during the North American
Monsoon Experiment. In a companion work by the
authors (Lahmers et al. 2016), objective identification of
inverted troughs that track across the NAM domain,
done by using near-tropopause characterization of po-
tential vorticity anomalies, presents additional in-
formation on the nature of convective organization
within the stage IV data. Lahmers et al. (2016) and
Bieda et al. (2009) found that the passage of IVs through
the Southwest is closely linked to the occurrence of or-
ganized, propagating, convection, similar to whatwehave
found here in association with the type-I and type-II
severe-weather-event modes. We used Tucson sounding
data and inverted-trough days that were identified in the
long-term dynamically downscaled reanalysis used in
FIG. 12. As in Fig. 11, but for a type-II severe weather event from 1200 UTC 3 Jul to 1200 UTC 7 Jul 2006.
2446 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 55
Lahmers et al. (2016) to assess the correspondence be-
tween 1) the thermodynamically favorable severe-
weather-event days (as defined in this study) with and
without inverted troughs and 2) easterly upper-level winds
(at 400hPa) and easterly shear (from the surface to
450hPa). The results inTable 1, shownas percentages and
for the moving time windows that they used, indicate that
the thermodynamically favorable severe-weather-event
days with inverted troughs in the southwestern United
States tend to occur more in a regime of upper-level
easterly flow and/or easterly wind shear, as compared
with no-trough days. This is especially true during the
onset period of the monsoon (from late June to early
July). We therefore suggest that the additional de-
velopment of an idealized vertical wind shear profile
associated with severe-weather-event days would
provide helpful guidance in forecasting convective
outbreaks during the NAM, from either in situ
sounding data or numerical weather prediction model
output (Pytlak et al. 2005).
The monsoon ridge positioning reflects mainly east-
erly transport of moisture from the Gulf of Mexico at
mid- and upper levels of the atmosphere, specifically
above 700 hPa (e.g., Schmitz and Mullen 1996; Hu and
Dominguez 2015). While the Gulf of Mexico does play a
role in increasing the upper-air moisture, increased
moisture and thermodynamic instability due to low-
level moisture transport from the Gulf of California,
eastern tropical Pacific, and Mexico itself are at least
equally important in Arizona (Adams and Comrie 1997;
Maddox et al. 1995; Hu and Dominguez 2015). To be
specific, the mechanism of the gulf surge (e.g., Zehnder
2004) transports low-level moisture into southern Ari-
zona, west of the Mogollon Rim. Methods for objec-
tively identifying gulf-surge events have shown that
they do coincide with episodes of enhanced monsoon
precipitation over the Southwest (e.g., Bordoni and
Stevens 2006). Severe thunderstorms in Arizona asso-
ciated with high levels of instability and atmospheric
moisture often occur in the absence of a gulf surge,
however (Wallace et al. 1999). Mejía et al. (2016) re-
cently related the occurrence of gulf surges to a satellite-
derived climatology ofmesoscaled convective systems in
the North American monsoon region. They found that
mesoscale convective system activity enhances the off-
shore flow along the eastern Gulf of California coast,
which then enhances theGulf of California low-level jet.
Satellite composites show that gulf surges are associated
with enhanced convective activity that propagates along
the coastal plain of the gulf.
It is also important to recognize that the actual evo-
lution of severe weather during the NAM in the south-
western United States is intimately linked to physical
processes on the mesoscale that are difficult, if not im-
possible, to quantify in the context of long-term histor-
ical observational data or a retrospective regional
atmospheric reanalysis, such as the NARR product used
here. Exactly how and where convection is initiated on
the terrain during the day depends on reaching the
convective temperature. The atmosphere may be ‘‘too
wet to rain’’—a colloquial term used by local opera-
tional forecasters to refer to days with relatively high
amounts of atmospheric moisture and extensive morn-
ing cloudiness. The morning clouds, typically debris
clouds from convection on the previous day, suppress
the amount of solar radiation that reaches the surface so
that the convective temperature is not able to be
reached during the afternoon (Adams and Souza 2009).
Once NAM convection develops and propagates away
from the terrain, cold-pool dynamics and propagation of
outflow boundaries become important to initiation of
new regions of convection (e.g., Corfidi 2003; Nesbitt
TABLE 1. Percentage of thermodynamically favorable days coinciding with easterly flow (at 450 hPa), with easterly shear (from the
surface to 400 hPa), and with both characteristics in Tucson sounding data (1950–2010) for all thermodynamically favorable days, no-
trough days, and trough days. The inverted troughs were objectively identified from a long-term dynamically downscaled atmospheric
reanalysis over the contiguous United States in a companion publication by the authors (Lahmers et al. 2016).
4 Jun–5 Jul 19 Jun–20 Jul 4 Jul–5 Aug 19 Jul–20 Aug 3 Aug–3 Sep 18 Aug–18 Sep
All days
Easterly flow 19.90 39.85 54.35 53.13 40.23 25.00
Easterly shear 15.73 33.84 45.76 43.42 31.94 18.93
Easterly flow and shear 18.48 18.40 18.34 18.48 18.50 18.28
No-trough days
Easterly flow 19.03 37.68 51.82 51.32 38.28 24.22
Easterly shear 15.17 32.21 43.76 41.78 30.18 18.02
Easterly flow and shear 17.24 18.38 19.74 19.67 18.49 17.50
Trough days
Easterly flow 36.67 57.07 66.25 62.17 55.61 34.81
Easterly shear 26.67 46.83 55.11 51.64 45.85 30.37
Easterly flow and shear 42.22 18.54 11.76 12.50 18.54 28.15
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et al. 2008). Some of the most severe storms are caused
by convergence of multiple outflow boundaries from
different thunderstorms. So even when the atmosphere
is highly thermodynamically conducive to convection on
the synoptic scale, organized convection would be highly
subject to the timing of convection and the subsequent
outflow boundary formation.
Because the convective organization process that was just
described is fundamentally on the meso-g scale (on the
order of 1km), we would assert that numerical atmospheric
modeling at this scale is absolutely necessary to study the
climatology of severemonsoon thunderstorms. Convective-
permitting modeling on the meso-g scale is necessary to
represent features associated with MCSs, including squall
lines, gust fronts, and stratiform precipitation (e.g., Klemp
2006). Our upcoming work will demonstrate the value
added by convective-permitting modeling by simulating
thermodynamically favorable severe-weather-event days as
identified in sources of data from regional climate models.
These sources will include a retrospective dynamically
downscaled long-term atmospheric reanalysis and dynami-
cally downscaled data frommodels of global climate change
projection that were used in phases 3 and 5 of the Coupled
Model Intercomparison Project. Our ultimate objective will
be to assess howmonsoon thunderstorms may be changing
in association with anthropogenic climate change.
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